Abstract: Increasing evidence supports a low-carbohydrate diet for weight loss and improvement in traditional cardiovascular disease (CVD) markers. Effects on novel CVD markers remain unclear. We examined the effects of a low-carbohydrate diet (<40 g/day; n = 75) versus a low-fat diet (<30% kcal/day from total fat, <7% saturated fat; n = 73) on biomarkers representing inflammation, adipocyte dysfunction, and endothelial dysfunction in a 12 month clinical trial among 148 obese adults free of diabetes and CVD. Participants met with a study dietitian on a periodic basis and each diet group received the same behavioral curriculum which included dietary instruction and supportive counseling. Eighty percent of participants completed the intervention. At 12 months, participants on the low-carbohydrate diet had significantly greater increases in adiponectin (mean difference in change, 1336 ng/mL (95% CI, 342 to 2330 ng/mL); p = 0.009) and greater decreases in intercellular adhesion molecule-1 concentrations (´16.8 ng/mL (´32.0 to´1.6 ng/mL); p = 0.031) than those on the low-fat diet. Changes in other novel CVD markers were not Nutrients 2015, 7 7979 significantly different between groups. In conclusion, despite the differences in weight changes on diets, a low-carbohydrate diet resulted in similar or greater improvement in inflammation, adipocyte dysfunction, and endothelial dysfunction than a standard low-fat diet among obese persons.
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Setting and Participants
In brief, the trial was designed to examine the effects of a low-carbohydrate diet on body weight and cardiovascular risk factors. Men and women 22-75 years of age with a body mass index of 30 to 45 kg/m 2 who lived in the Greater New Orleans Area were recruited using mailing lists, flyers, work site and community screenings, and television advertisements. Individuals who had type 2 diabetes, CVD or chronic renal disease at baseline were excluded, as were those who were currently using prescription weight-loss medications, undergoing weight loss surgery, or had experienced significant weight loss within six months of study entry. Participants were recruited, enrolled, and followed from 2008 to 2011 at the Tulane University Health Sciences Center in New Orleans, Louisiana.
Intervention
Participants with obesity were randomly assigned to either a low-carbohydrate diet where net carbohydrate intake (total carbohydrate minus total fiber) was restricted to<40 grams/day, or a low-fat diet which restricted total fat to <30% of daily energy, with <7% from saturated fat (consistent with national guidelines) [33, 34] . Participants met with a dietitian in weekly individual counseling sessions for the first month, followed by small group counseling sessions every other week for the subsequent five months, and then monthly for the last six months. Individual sessions lasted 1 h and included supportive counseling and dietary instructions in the form of recipes. Group sessions were held separately for participants in the low-fat and low-carbohydrate groups but participants received the same dietary behavioral curriculum, which included identical information on dietary fiber intake and education on the different types of fat with an emphasis on the benefits of monounsaturated fats and recommendations to limit or eliminate trans-fats. Behavioral counseling also emphasized portion control and change in eating patterns. An optional daily low-carbohydrate or low-fat meal replacement (bar or shake) was provided to participants in each group for the duration of the intervention. Participants were counseled to maintain their baseline levels of physical activity, which was assessed using validated measures at each clinical visit.
Data Collection
Blood samples were collected after the participant had fasted for 12 h. Novel CVD risk factors were measured at baseline and at three, six, and 12 months of intervention. The study endpoints included inflammatory biomarkers (interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-α, adipocytokines (adiponectin, leptin, resistin), and biochemical markers of endothelial function (Intercellular Adhesion Molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-1 and E-selectin). Plasma IL-6, IL-8, and TNF-α were measured using a multiplex assay (Milliplex Adipokine Human Panel B, HADK2-61K-B03, EDM Millipore, Billerica, MA, USA). The inter-assay coefficients of variation ranged from 6.97% to 10.37% for IL-6, 5.12% to 11.81% for IL-8, and 3.89% to 9.89% for TNF-α, respectively. Plasma adiponectin, leptin, and resistin were measured by ELISA (Catalog#: SRP300 for adiponectin, SLP00 for leptin, and SRSN00 for resistin, R & D Systems, Minneapolis, MN, USA). The inter-assay coefficients of variation ranged from 6.23% to 13.70% for adiponectin, 2.13% to 4.27% for leptin, and 5.16% to 11.19% for resistin, respectively. Plasma ICAM-1, VCAM-1, and E-resistin were measured by ELISA (Catalog#: SCD540 for ICAM-1, SVC00 for VCAM-1, and SSLE00 for E-selectin, R & D Systems, Minneapolis, MN, USA). The inter-assay coefficients of variation ranged from 2.54% to 6.82% for ICAM-1, 3.11% to 4.68% for VCAM-1, and 4.52% to 12.59% for E-selectin, respectively.
As previously described, a detailed medical history including medication use, health behaviors, and physical activity was obtained at baseline [17] . Two 24 h dietary recalls, one on a week day and the other on a weekend day, were obtained from each participant by a trained and certified study dietitian at baseline and at each follow-up examination. Dietary nutrient intakes were calculated using the food composition tables included in the Nutrition Data System for Research [35] . For the purposes of quality control, five percent of dietary recalls were recorded and reviewed. Urinary ketones were measured by dipstick at each dietary counseling session and each follow-up visit to assess adherence to a low-carbohydrate diet [36] .
Statistical Analysis
The population characteristics and novel CVD risk factors at baseline were expressed as mean (SD) or N (%) by intervention group. We used Student's t-tests, Wilcoxon-Mann-Whitney tests, or Chi-square tests to compare baseline characteristics between the two groups. Data on dietary composition were expressed as means (SDs) and compared using t-tests at baseline and each follow-up visit. To examine change in each novel CVD risk factor across four time points over 12 months, we used a mixed-effects model that included an indicator variable for time (3, 6 , and 12 months), diet group, an interaction term for diet group by time, and baseline value of the corresponding endpoint. This modeling technique allows missing data under the assumption of missing-at-random. We performed sensitivity analysis to assess the robustness of our conclusions and departures from the missing-at-random assumption. We used multiple imputation techniques to impute missing values including additional covariates (age, sex, race, marital status, education, and employment status) in the model to make the missing-at-random assumption more plausible [37] . To account for the effects of weight loss on changes in novel CVD markers, we performed a mediation analysis to assess the proportion of dietary effects that is explained by differences in weight loss between the two groups. We applied the conventional mediation analysis method since there was no interaction between weight loss, the potential mediator, and diet group in the mixed-effect models (all p-values > 0.05) [38, 39] . This conventional approach first estimated the residual effect between diet group and outcome concentrations after adjustment for weight loss and then determined the mediating effect by subtracting this from the total effect [40] . All analyses were conducted using the intention-to-treat principle. All p-values were two-sided and statistical significance was defined as p < 0.05. We used SAS (version 9.3; SAS Institute Inc, Cary, NC, USA) for all analyses.
Results
We randomized 148 obese adults (mean age 46.8 years, 11.5% men, and 51% African-Americans) to the two diet groups. At 3, 6, and 12 months, 93.2%, 87.7%, and 82.2% of participants in the low-fat group and 92.0%, 82.7%, and 78.7% of participants in the low-carbohydrate group, respectively, completed assessments. Characteristics of the trial participants are shown in Table 1 . Demographic, behavioral, traditional and novel CVD risk factors were comparable between the low-carbohydrate and low-fat diet groups prior to commencement of the intervention. On average, participants in the low-carbohydrate group lost 5.3 kg and those in the low-fat group lost 1.5 kg at 12 months (Table A1) 
Dietary Measurements
At baseline, 3, 6, and 12 months, 139, 123, 104, and 103 participants provided 24 h dietary recalls. Data on daily dietary composition for participants is presented in Table 2 . There were no significant differences in total energy or macronutrient intake between the low-carbohydrate and low-fat groups at baseline. At 12 months, the intake of carbohydrate was significantly lower and intakes of protein or fats (total, saturated, and unsaturated fats) were significantly higher in the low-carbohydrate group, compared to the low-fat group (p < 0.001 for these comparisons). Further details of dietary measurements have been published previously [17] .
Changes in Novel Cardiovascular Risk Factors
Predicted mean differences (95% CIs) in changes in inflammatory biomarkers, adipocytokines, and endothelial biomarkers from baseline are shown by assigned dietary group in Table 3 . Changes in IL-6, IL-8, or TNF-α between the two groups were not statistically significant at 12 months.
Throughout the study, adiponectin concentrations increased significantly in both the low-fat and low-carbohydrate groups, and the increases in the low-carbohydrate group were significantly greater than that observed in the low-fat group (mean difference in change at 12 months, 1336 ng/mL (95% CI, 342 to 2330 ng/mL); p = 0.009). Decreases in leptin were greater in the low-carbohydrate group at three and six months, but did not differ significantly from those in the low-fat group at 12 months. Changes in resistin did not differ significantly between the two groups.
ICAM-1 increased significantly at each clinical assessment in the low-fat group but not in the low-carbohydrate group. The mean difference in change at 12 months was´16.8 ng/mL (95% CI, 32.0 to´1.6 ng/mL; p = 0.031). Changes in VCAM-1 did not differ significantly between the two groups. Decreases in E-selectin were greater in the low-carbohydrate group at three and six months than in the low-fat diet, but the changes did not differ significantly between the groups at 12 months.
As previously reported the proportion of participants with detectable urinary ketone levels was significantly higher in the low-carbohydrate group than in the low-fat group and no significant differences in physical activity were identified between groups throughout the study [17] .
Mediation analysis showed that 53.6% of the difference in adiponectin and 69.5% of the difference in ICAM-1 were not explained by differences in weight loss between the two diet groups at 12 months. We examined differences among Caucasian and African-American participants and found similar trends between the two race groups (Tables A2 and A3) . Results of sensitivity analyses using multiple imputation techniques to impute missing values were consistent with those presented in our primary analyses. Table 2 . Daily dietary composition in the low-fat and low-carbohydrate diet groups over the course of the study * . 
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Discussion
This randomized controlled trial suggests that a 12 month low-carbohydrate diet results in more favorable changes than a low-fat diet in adiponectin and ICAM-1 concentrations, and does not differ from a low-fat diet in reducing other adipocytokines or biochemical markers of endothelial dysfunction in an obese adult population. The two diets had equivalent effects on IL-6, IL-8, and TNF-α concentrations. These findings as a whole suggest that a low-carbohydrate diet is equivalent to, or more effective than, a low-fat diet for improving some novel CVD risk factors. Notably, mediation analysis indicated that approximately 60%-70% of dietary effects on novel CVD risk factors were not explained by differences in weight loss and therefore were plausibly due to different macronutrient concentrations in the diet. This finding is important, because it indicates that obese adults who lose weight on a low-carbohydrate diet can improve inflammatory status, endothelial function, and adipocyte function, to the same or greater degree than those on a low-fat diet. The significance of this study is manifested by identifying changes in inflammatory biomarkers, adipocytokines, and biochemical markers of endothelial dysfunction on low-carbohydrate and low-fat diets, thereby investigating the mechanism of their dietary effects on CVD. This study also has important public health implications in the setting of a high prevalence of excessive refined carbohydrate consumption and an epidemic of obesity and CVD worldwide.
To our knowledge, our study is the largest randomized controlled trial to comprehensively examine the effect of a low-carbohydrate diet as compared to a low-fat diet for weight loss on novel CVD risk factors throughout the intervention period. Our study is also unique in having a racially diverse population with 51% African American participants. Examining novel CVD risk factors comprehensively may provide further information on mechanisms through which weight loss with these different diets potentially reduces CVD risk. A few small and short-term trials reported a similar pattern for most but not all adipocytokines, inflammatory markers, and markers for endothelial function [19, [25] [26] [27] [28] [29] 31, 32] . For example, a three month intervention study reported that a very low-carbohydrate diet (12% of energy from carbohydrates daily) resulted in more reduction in IL-6, IL-8, and TNF-alpha concentrations than did in a low-fat diet (25% fat, with 10% saturated fat) in 40 young adults with dyslipidemias [29] . Another study showed equivalent changes in adiponectin between the two diets; however, that study had a small sample size (n < 60) and low completion rate (approximately 40%) [32] . Significant differences in changes in ICAM-1 between the low-carbohydrate and low-fat diets were not observed in a study where participants were followed for only 1.5 months [28] . In contrast with previous studies, our study included 148 non-diabetic obese participants with a substantial proportion of African-Americans (a group under-represented in previous trials) and had a high completion rate (approximately 80%) over 12 months of follow-up.
While both low-carbohydrate and low-fat diets can lead to weight loss and have a beneficial effect on CVD risk profile, there may be different mechanisms by which the diets and weight loss on these diets potentially reduces CVD risk. Carbohydrate consumption leading to insulin secretion may create a pro-inflammatory milieu, particularly in the setting of obesity where insulin resistance is common. A low-carbohydrate diet may improve adipocyte function due to the increase in insulin sensitivity with weight loss as well as decreases in insulin secretion due to dietary consumption of carbohydrates [41] . Adiponectin has both insulin sensitizing and anti-inflammatory properties [42] . Some studies have shown that adiponectin concentrations increase when weight loss is induced by low-carbohydrate diets but not low-fat, high carbohydrate diets [27, 43, 44] . Low-carbohydrate diets may reduce fat mass to a greater degree than low-fat diets [17] , and reductions in fat mass are associated with increases in adiponectin concentrations [45, 46] . Low-carbohydrate diets may also elevate gene expression of adiponectin [47] . Likewise, increase in insulin sensitivity may contribute to the improvement in endothelial function on a low-carbohydrate diet [48] . Like our study, a previous study also demonstrated significant decreases ICAM-1, with no significant difference in VCAM-1 or E-selectin on the two diets [32] . The reason for these differing effects is not clear, but suggests these biochemical markers of endothelial dysfunction may be regulated by alternate independent mechanisms. The greater increases in HDL concentrations on a low-carbohydrate diet, as compared with a low-fat diet [18] , may contribute to the differences in changes in ICAM-1 concentrations between the two diets. It has been reported that individuals with higher HDL concentrations had significantly lower concentrations of soluble ICAM-1 [49] . In addition, high intake of dietary fructose may stimulate endothelial inflammatory processes by up-regulating ICAM-1 through increase in ICAM-1 mRNA and protein expression [50] . In contrast, no evidence has suggested a link between dietary carbohydrates and VCAM-1 or E-selectin.
The strengths of our study included analysis of a large, diverse population of obese participants with comprehensive, 12 month follow-up and examinations which included assessments of novel CVD risk factors at each time point, blinded outcome assessment, high completion rate, high rates of dietary adherence by 24 h recalls and urinary ketone levels. Our conclusions are subject to some limitations. This clinical trial was not powered to detect changes in these novel CVD risk factors. With 148 participants, however, there was sufficient statistical power to detect the effects of the dietary intervention on the novel CVD risk factors. The clinical significance of small changes in these novel CVD risk factors is unknown. Self-reported dietary information may be subject to recall bias; however, we collected this information within 24 h of dietary intake and used multiple 24 h dietary recalls to reflect eating patterns on weekdays and weekends at each time point. Dietitians were not blinded to the study hypothesis; however, specific and detailed scripts were used in all counseling sessions, and dietary sessions for both groups were intermittently observed for consistency by an independent registered dietitian consultant who was not a regular part of the study staff. Statistically significant results should be interpreted with caution due to the number of comparisons tested in the analyses, particularly for p-values denoting significance levels close to 0.05. The sample with a large proportion of female participants may limit generalizability of the results.
In conclusion, findings from this year-long clinical trial indicate that, despite the differences in weight changes on a low-carbohydrate diet and a low-fat diet, a low-carbohydrate diet resulted in similar or greater improvement in inflammation, endothelial dysfunction and adipocyte dysfunction than a standard low-fat diet for obese adults. Identification of such patterns and mechanisms may provide the basis for successful personalized and public health nutrition recommendations for CVD prevention. Further studies should continue to evaluate cardiovascular effects of a low-carbohydrate diet and explore the potential mechanisms. in endothelial biomarkers are from the random effects models (including diet and time) and expressed as mean (95% confidence interval).
: p values for the difference between the two groups at each time point.
